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ABSTRACT 
 
Methamphetamine (METH, or ice) use is a global burden, which continues to pervade and plague 
contemporary society with estimates of up to 35 million users worldwide. METH is a psychotropic 
compound which acts on the central nervous system, and, in chronic doses, can induce psychotic 
behavior from its highly addictive nature. METH harbours the capacity to cause modulation of 
immune cells, enabling the drug to have lasting, long-term effects which may manifest into 
neuropsychiatric disorders, as well as leading to increased susceptibility to communicable diseases, 
such as HIV. In addition, changes to the cytokine balance have been associated with blood brain 
barrier compromise, resulting to alterations to brain plasticity, creating lasting neurotoxicity. 
Furthermore, immune-related signaling pathways are key to further evaluating how METH impacts 
the host immunity through these neurological and peripheral modifications. Layering this knowledge 
with current data on inflammatory responses can help facilitate a better understanding of how the host 
adaptive and innate immunity responds to METH, how this can activate premature-ageing processes 
and how METH exacerbates disturbances leading to non-communicable age-related diseases, 
including cardiovascular disease, stroke, depression and dementia. 
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1. Introduction 
 
 Methamphetamine (METH, also known as ice), is the second most popular drug of 
choice worldwide [1]. In the 2014 United Nations office on drugs and crime, world drug 
report indicated that METH accounted for 80% of all amphetamine-type stimulant seizures 
[2]. In the 2017 World drug report, METH was reported to be used by around 37 million 
people across the globe, with other reports indicating between 14-53 million METH users 
globally [2]. Worrying, is the trafficking of METH around the world with data suggesting 
expanding METH markets in South East Asia, Oceania, along with growing concerns about 
METH use in North America, parts of Europe and China. In Australia, an increase of high 
purity crystalline METH has been documented since 2010. As a result, METH-related 
hospital admissions have been on the rise, from just under 2,000 hospital admissions - from 
2009-2010 - to just over 10,000 cases from 2014-2015 [3]. Three forms of METH are 
currently found in Australia; powder methamphetamine, also known as speed; base METH, a 
damp oily form characterized by its yellow or brownish hue [1] and crystal METH, also 
known as ice, a crystalline and highly pure form of METH [4]. Crystal METH in its smoked 
form is the most popular choice of METH use in recreational and social settings; however, 
due to the attached health risks and high dependence of smoking METH there has been a 
substantial increase for METH treatment [5]. METH use disorders have been previously 
attributed to those subgroups, such as rural persons who are more likely to use METH in 
comparison to those residing in metropolitan areas [6]. This has been supported by reports 
that young people living in rural areas are twice as likely to use METH in comparison to those 
living in urban areas [3, 6]. Comparing the patterns and prevalence of METH users in rural 
and metropolitan areas, shows statistically significant differences in METH use, particularly 
crystal METH, in those living in rural locations [5]. These results were supported by the fact 
that rural men and employed rural Australians were more likely to use METH, with 
prevalence being mostly between the ages of 18-24 and 25-29 years – reported as higher than 
Australians residing in cities [5, 7]. In addition,  previous data has reported that older people 
who are HIV seronegative who have a high level of METH use are at risk of  contracting the 
illness [8]. In assessing the oral health and quality of life, out of 545 METH users, the 
majority comprised older males – median age of 45 years – with a greater degree of 
worsening oral health [9]. The recent statistics show that out of 390 METH users, 24.36% 
were aged 35-49, with 8.72% aged 50-64 [10]. METH’s ease of manufacture stems from its 
easily obtainable ingredients, which contribute to the final METH product. This ease of 
manufacture has led to the prevalence of local “METH” laboratories, along with “super-labs” 
operated by larger organizations [11]. Overall, a lack of well-rounded knowledge and 
perception, other than METH’s short-term effects, is available on how this drug impacts the 
immune system long-term. This long-term impact currently remains to be fully explored, and 
understanding this aspect of METH use in addiction and withdrawal scenarios can help 
strengthen our current perspective on METH, help inform and guide public policy, notify on 
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influencing communicable and non-communicable disease prevalence and risk, and impart 
METH’s relationship to augmenting the ageing process. 
 
2. Methodology 
 
 Searches were conducted through NCBI PUBMED using the following search terms: 
Methamphetamine OR METH AND population AND age, Methamphetamine OR METH AND 
immune system, methamphetamine OR METH AND immune dysregulation, methamphetamine OR 
METH AND cytokines OR chemokines, methamphetamine OR METH AND addiction, 
methamphetamine OR METH AND monocytes, methamphetamine OR METH AND macrophages, 
methamphetamine OR METH AND dendritic cells, methamphetamine OR METH AND T-cells, 
methamphetamine OR METH and natural killer cells, methamphetamine OR METH AND astrocytes, 
methamphetamine OR METH AND inflammation, methamphetamine OR METH AND immune 
pathways, methamphetamine OR METH AND Australia, methamphetamine OR METH AND global 
use, methamphetamine OR METH AND cell signalling. Articles included mainly those post-2000; 
and, within the reviewed articles other articles were assessed for suitability for this review. Inclusion 
criteria was based on peer-reviewed articles denoting experimental studies, both in vitro and in vivo, of 
methamphetamine and its impacts on the immune system and its constituents. Non-English language 
articles were excluded from being included in this review. 
 
3. Effects of METH on immune cells 
 
 The effects of METH on the immune response have yet to be fully determined, 
however, there is growing evidence that METH suppresses and modulates the immune system 
[12, 13]. Consequently, immune dysregulation through METH abuse could lead to lasting 
neuropsychiatric conditions [14]. METH has significant effects on both the innate and 
adaptive immune responses [12, 15], with reported reductions in the numbers of natural killer 
(NK) cells and leukocytes [16]. In addition, macrophages stimulated by METH show 
increased levels of the pro-inflammatory cytokine TNF- [17-19]. METH causes decreased 
levels of dendritic cells (DCs) [20], impacting the adaptive immune system and rendering 
individuals susceptible to certain diseases and infections [16]. Furthermore, there is growing 
evidence that mood disorders are related to the changing levels of pro-inflammatory cytokines 
and their influence on the level of monoamines; along with the dysregulation of the 
hypothalamic pituitary adrenal (HPA) axis, activation of microglial cells, and changes in the 
neuroplasticity of the brain [21].  
 
3.1. Monocytes and macrophages 
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 Monocytes differentiate into both macrophages and DC as they circulate to sites of 
inflammation. Monocytes represent immune effector cells, in which chemokine receptors and 
adhesion receptors allow them to migrate from blood to sites of infection [22]. In healthy 
individuals, 90-95% of circulating monocytes are CD14+CD16-, whilst 5-10% are 
CD14+/CD16+ [23]. Macrophages secrete cytokines in response to external stimuli, which are 
involved in the recruitment of other immune cells to initiate a cascade of innate and adaptive 
immune responses [17]. In the presence of METH, macrophages secrete pro-inflammatory 
cytokines, interleukin-1 (IL-1) beta, IL-2, IL-6 and IL-8 [24] with IL-1 and IL-6 being 
significantly upregulated in the co-presence of bacterial lipopolysaccharide (LPS) [25]. 
Likewise, co-stimulation of macrophages with LPS and METH results in a significant 
increase in IL-1, IL-8 and TNF- [26]. Furthermore, the number of monocytes and 
macrophages are reduced in the presence of METH, and their cell surface marker expression 
are altered with the upregulation of CD80 and down-regulation of CD11b whilst there are no 
effects on GR-1(high) monocyte/macrophage cells [20]. In a the context of human 
immunodeficiency virus (HIV-1) - METH increases expression of levels of galectin-1 which 
is involved in HIV-1 viral absorption [27]. 
 
 
3.2. Dendritic cells 
 
 DCs express a diverse range of cell surface receptors in order to sense their environment and 
activate immune-related functions [28]. Amongst these receptors are toll like receptors (TLRs), surface 
pattern recognition receptors (PRRs) and NOD-like receptors which assist in detecting signals such as 
those associated with pathogen-associated molecular patterns (PAMPs) or damage-associated 
molecular patterns (DAMPs) [28]. DC are also professional antigen presenting cells, where they 
efficiently activate the adaptive immune system. Stimulation of DCs with METH results in altered 
chemokines, chemokine receptors, cytokines, G-protein signaling, cell cycle regulation and cell 
transcriptional regulation [16]. Specifically, METH was shown to increase HIV-1 co-receptors 
CXCR4 and CCR5 in human monocyte-derived DC [29]. Similar work investigating METH use and 
HIV-1 infection, demonstrated the differential expression of the chemokine receptor CXCR3 in 
immature DCs (IDC) [30]. More broadly, METH has been shown to decrease the overall abundance of 
splenic DCs, which renders the effectiveness of the adaptive immune response [20]. Moreover, a high-
throughput investigation study of genomic changes to mature DCs noted significant increased levels of 
CCR5, CCR2, IL-1 TNF- and IL8; in addition, to decreases in IL-IR3 and TGF- [16].  
 
3.3. T cells 
 
 T cells play an important role in the orchestration of immune responses [30]. There are 
few studies that document the effects of METH on T cells. In mice, chronic METH 
administration reduces the number of CD4 and CD8 T cells in the spleen [20]. In addition, 
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METH significantly increases expression of the inflammatory chemokine receptor CXCR3, 
suggesting that METH contributes to effector T cell function and migration [12, 31]. METH 
also prolongs the transition from G1 to S phase of T cells [32]. In particular, METH alters 
gene expression by suppressing the CDK-cyclin E complex, a critical limiting factor which is 
suppressed in CD4 and CD8 T-cell subsets and disrupts cell cycle progression [32]. This 
finding was also consistent with changes in other cell cycle genes, such as E2F1, responsible 
for normal cell cycle regulation [32]. Similarly, METH causes down-regulation of cell-cycle 
genes and proteins involved in apoptosis in a rat study addressing acute hepatic injury from 
METH [33]. METH also alters intracellular calcium concentrations in T cells via reactive 
oxygen species (ROS) production, leading to mitochondrial injury [34]. 
 
3.4. Natural Killer cells 
 
 NK cells are primarily involved in the destruction of virally-infected cells [35], and 
any dysfunction or numbers of NK cells, results to overall suppressed immunity [20]. METH 
has been shown to markedly increase the activation of NK cells [36] through an increase in 
simian immunodeficiency viral load and CNS damage in simian immunodeficiency virus-
infected macaques. The increase in NK cells were primarily present in the brain and in 
peripheral sites [36]. In addition, the cell surface marker, CD107a or lysosome-associated 
membrane protein-1, is increased in the presence of METH [37]. However, splenic NK cells 
have been shown to be significantly reduced in METH treated mice [20]. These results also 
showed a marked reduction in CD27 and killer cell lectin-like receptor expression [20]. CD27 
is an important cell surface marker of NK cells as it is involved in its cytotoxic function [38]. 
Thus, METH induces a dysregulated NK cell profile, one that indicates a suppressed state. 
 
3.5. Astrocytes  
 
 Primary astrocyte cell cultures cultured in the presence of METH for 24 hours, significantly 
upregulates CXCL5, MAP2K5 and GPR65 as core gene network components with both 
neuroprotective and neuropathological roles [39]. MAP2K5 belongs to the MAP kinase family; 
CXCL5 has been implicated in the activation of the PI3K/AKT, MAP kinase and -catenin pathway, 
and GPR65 has been described as a GCPR activated through extracellular acidic pH via protonation of 
histidine residues, regulating cell behavior [40]. In addition, METH increases expression of Caspase-
11 and TLR4 of primary astrocyte cell cultures [39]. This study also reported the downstream 
expression of nuclear factor-kappaB (NF-B) through the MyD88 independent pathway and MyD88 
dependent pathway, from expression of TLR4. Consequently, increased transcription of inflammatory 
cytokines is found in the nucleus [39].  
 
4. METH and inflammation 
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 METH abuse leads to severe dysregulation in the peripheral immune response, leading to an 
imbalanced expression in cytokines, chemokines and other molecular factors. In addition, expression 
of pro- and anti-inflammatory cytokines and chemokines have been implicated in METH-related 
neuronal injury which may also be related to METH addiction [41]. Further, METH-induced immune 
dysfunction has potential to augment HIV replication [42]. Interestingly, inflammatory responses have 
the ability to pass through the blood brain barrier (BBB) which can rely messages responsible for 
inducing changes to motor function and motivation [43].   
 
4.1. Tumor necrosis factor-alpha 
 
 Tumour necrosis factor alpha (TNF-) is a pro-inflammatory cytokine which has cell 
signaling functions and can cause chronic and acute inflammatory responses along with having a 
central role in the pathophysiology of autoimmune diseases such as ulcerative colitis, rheumatoid 
arthritis and multiple sclerosis. TNF- can either be membrane bound or in soluble form, with roles in 
apoptosis, immunity development and tumour cell necrosis. It is primarily produced by macrophages 
and is encoded by the TNF- gene present on chromosome 6 and 17 [44]. TNF- is known to be 
involved in activation of transcription factors such as AP-1 and NF-B which can lead to a number of 
other physiological and pathological mechanisms [45]. In addition, METH stimulation of BV2 cells 
and primary microglial cells pre-treated with LPS, causes the expression of TNF- via the 
cAMP/PKA/CREB signaling pathways [33]. Based on these findings, further studies are required that 
target the TNF- cytokine pathway. Seeking to better define the role of METH in HIV-1 pathogenesis, 
gene and protein expression of TNF- was markedly increased by DCs [16]. Better understanding of 
this pathway can help to inhibit the harmful effects caused by METH abuse.   
 
4.2.  Interleukin-1 beta  
 
 IL-1 induces catabolic effects and inflammatory reactions and is encoded by the IL-1 gene 
[46]. Maturation of IL-1 requires the action of enzyme caspase-1, converting it into active its IL-1 
form [47]. Activation of NF-B results in increased expression of other cytokines and chemokines 
[48]. The effects of IL-1 has a significant effect on the metabolism and on the extracellular matrix of 
the cells as seen in patients with osteoarthritis [49]. Since NF-B is activated both in METH 
treatments and as a result of IL-1 stimuli, it is plausible to assume that METH may cause change in 
expression of IL-1. In fact, METH stimulation of monocytic cell lines differentiated to macrophages 
resulted in elevated expression of IL-1 [33]. It was proposed that the pathways involved in such 
stimulation included NF-B and mitogen-activation protein kinase (MAPK). Recently, in mice, 
METH-induced T-cell alterations of IL-1 profiles [12]. 
 
4.3. IL-10 
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 IL-10, is an anti-inflammatory cytokine that has a role in preventing inflammatory and 
autoimmune pathologies [50], and is secreted by a variety of activated immune cells [39]], having 
pleiotropic effects on T and B cells, long with myeloid cells [51]. In addition, IL-10 has been 
described as a soluble factor released by type-2 T helper cells, in which also inhibits the secretion of 
type-1 T helper cytokines [51]. Upregulation of IL-10 has previously been reported in mice [32]. 
Recently, IL-10 was shown to prevent metabolic programming induced, in macrophages, by 
inflammatory stimuli [39]. METH has been shown to increase IL-10 in human plasma [14]. Similarly, 
the evaluation of METH in microglial cell (ESdM) activation showed an increased IL-10 production 
following 48-hr METH treatment [52]. In a comprehensive gene array overview, macrophages 
stimulated over a time-dependent METH dose showed considerable upregulation of IL-10 at 6 hours 
post METH exposure [17].  
 
4.4. IL-12 
 
 The IL-12 family, comprising IL-12, IL-23, IL-27, and IL-35 are key players in the 
pathophysiology of immune responses in various disease conditions [53]. Monocytes, macrophages, 
DC and B-cells are able to secrete IL-12 [54]. In mouse spleen, IL-12 was shown to decrease; 
conversely, mouse liver and kidney revealed significantly increased expression of IL-12 [15]. 
Moreover, IL-12, in conjunction with other cytokines also function to inhibit HIV-1 expression and 
infectivity in macrophages [54]. 
 
4.5. IL-6 
 
 IL-6 is a multipotent cytokine secreted by various immune cells, such as monocytes, 
macrophages, fibroblasts and tumour cells [55]. Additionally, the IL-6 receptor (IL-6R) system and 
signal transduction mechanism has importance in immune regulation and inflammation [56]. IL-6 has 
been implicated in Alzheimer’s disease, and may be used as a useful biomarker in determining the 
extent of cognitive impairment [57]. mRNA IL-6 expression is increased in mice in the hypothalamus, 
hippocampus, striatum, cortex and cerebellum following METH injection compared to saline treated 
mice [26]. In an astrocytic cell line cultured wth METH for 3 days, IL-6 RNA levels increase 4-fold. 
In addition, METH exposure for 24 hours increases both mRNA and protein expression of IL-6 [57]. 
In the same study, IL-6 expression found to be overridden by the IKK-b inhibitor SC415 [57]. Coelho-
Santos et al (2012) found that microglial cells exposed to METH caused an increase in IL-6 
expression and also upregulated IL-6 receptor (IL-6R-a) after 24 hours [58]. Interestingly, exogenous 
IL-6 expression was shown to have an anti-apoptotic effect through activation of the JAK-STAT3 
pathway [58]. Assessing the anti-neurotoxic agent asiatic acid, it was noted that METH-induced 
neuronal cells treated with asiatic acid inhibited IL-6 secretion [59]. In addition, BV2 cells and 
primary glial cells treated with METH, showed an elevated expression in the levels of IL-6 along with 
TNF-[60]. Likewise, an early increase in the levels of IL-6 expression in hippocampus and striatum 
in mouse brains is noted within 1.5 hours post METH injection [19].  
 
4.6. IL-2 
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 IL-2 is reported as having specific function in T cell homeostasis and memory differentiation 
[61]. The addition of METH to T cells in vitro increases IL-2 secretion by 3-fold [34]. Furthermore, 
when METH was conjgated to lymphocytic choriomeningitis virus promoter, it further exacerbated 
IL-2 secretion by splenocyte CD4 and CD8 T cells [30]. Likewise, METH-treated mice were found to 
exhibit an increased expression of IL-2 in the hippocampus [14]. Additionally, METH was shown to 
increase the IL-2RG system and IL-2 ligand in an HIV-1 model, with the authors noting that this IL-
2RG/IL-2 expression representing an important mechanism contributing to neuro-inflammation [61]. 
 
4.7. IL-8 
 
 IL-8 is a chemokine known to be associated with an inflammatory response in several 
neurological disorders, including Parkinson’s disease [62]. In astrocytes, METH was shown to 
increase IL-8 in a dose-dependent manner [62]. Other work has described a moderate IL-8 
upregulation in the presence of METH on macrophages [17]. Similarly, macrophages treated with 
METH at 48 to 72 hours resulted in significant increase in IL-8; these findings, compared to 
macrophages treated with LPS alone showed higher IL-8 expression [25]. Huckans et al, through 
hypothesising the relationship between METH, immune factors and neuropsychiatric symptoms were 
able to show IL-8 to be a significant marker of anxiety and depression [63].  
 
5. Other inflammatory responses to METH 
 
5.1. Cyclooxygenase-2  
 
 Cyclooxygenase-2 (COX-2) is expressed by stimulation from an assortment of pro-
inflammatory agents, with its expression in the brain signaling physical and psychological stress [64]. 
METH has been shown to increase striatal expression of COX-2 protein [65, 66]. Induction of COX-2 
through the NF-B pathway results in nitric oxide, prostaglandins and inflammatory cytokine 
production [67]; and, induction of COX-2 might suggest drug-induced neurodegeneration [67]. METH 
significantly increases COX-2 protein expression in the striatum within 72 hours after METH 
administration to mice with no changes in COX-2 expression in the hippocampus and cerebral cortex. 
Interestingly, a relationship between depleted dopamine and a delay in COX-2 expression was 
observed. Similarly in an acute METH dose, significant reduction in COX-2 positive cells are noted in 
the striatum after 24-hours. In addition, upregulation of COX-2, with co-expression of NF-B is noted 
after 72 hours, and this is marked by reductions in dopamine in the striatum. Reports of COX-2 
expression in METH models, suggests its targeting in early METH-related neurotoxicity during 
METH use. Increased COX-2 expression is noted in a METH-CUS (chronic unpredictable stress) 
model, and this has been suggested to enhance monoaminergic depletions in both the hippocampus 
and striatum [64]. 
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5.2. CXCR4 
 
 METH enhances expression of chemokine receptor CXCR4 in the brain [24]. In HIV-1 
infection, METH in a dose-dependent manner caused an increase of CXCR4 expression by DCs [68]. 
Due to the involvement of the CXCR4 receptor, being a major co-receptor, along with CCR5 in HIV-1 
infection, CXCR4 may be a likely candidate for targeting in the development of therapeutic prevention 
of HIV-1 entry into cells in METH addiction [27]. 
 
5.3. CXCL10 
 
 CXCL10, known also as IFN--induced protein 10, is a chemoattractant for immune cells such 
as T-cells and monocytes [59]. In response to IFN-, in an appropriate inflammatory environment, 
CXCL10 is secreted from the host’s immune cells upon activation of its receptor CXCR3 [59]. METH 
has been shown to significant increase CXCL10 in astrocyte cells and is involved in the activation of 
the innate immune system [69].  
 
5.4. CXCL5 
 
 CXC chemokine ligand 5 (CXCL5) is a cytokine expressed in a range of cell types, including 
monocytes [70] and endothelial cells, along with several organs including the brain [70] and lung [71]. 
In the lung, and in response to microbial infection, CXCL5 orchestrates neutrophil trafficking by 
activating G-protein and arrestin signaling pathways [71]. Interestingly, through pro-inflammatory 
cytokines, CXCL5 is activated via activation of NF-B, and produced by immune and vascular 
endothelial cells [70]. Additionally, tumor suppressors and oncogenes work to regulate CXCL5 
expression. In astrocyte cell cultures, low to high concentrations of METH over 24-hour exposure 
significantly upregulates CXCL5 gene expression [39]. 
 
5.5. CXCR3 
 
 The chemokine receptor, CXCR3 is the receptor for the IFN-inducible chemokines CXCL9, 
CXCL10 and CXCL11 and its expression on activated T cells. In addition, CXCR3 is crucial for 
amplifying IFN--dependent recruitment of cells in peripheral sites of infection [31]. METH has been 
shown to significantly differentially regulate CXCR3 protein expression in immature-DCs [72]. In 
addition, chronic METH exposure strongly increases CXCR3, which is important in CD8 T cell 
recruitment, in order to provide modulation of T cell memory [12]. CXCR3 is known to have roles in 
migrating T cells into the microenvironment of peripheral tissues, aiding in their interaction with 
antigen presenting cells leading to effector and memory T cells [31].  
 
6. Immune pathways activated in the presence of METH  
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 Immune pathways relating to drug addiction have been documented as falling into two 
categories: those pathways involved in upstream events of drug addiction; i.e. MAPK 
signaling and calcium signaling. The second are pathways involved in downstream effects, 
including those regulating glycolysis metabolism, regulation of the actin cytoskeleton and 
apoptosis [37]. Pathways which are impacted upon by METH, and which increase the 
inflammatory response have been described as the AKT-PI3K, NF-B, MAPK [25]; [62], 
along with the JAK-STAT pathway [58].  
 
6.1. NF-B signaling  
 
 The NF-B family of inducible transcription factor proteins exist as inactive 
cytoplasmic complexes, in which activation of NF-B occurs via two main signaling 
pathways; canonical and non-canonical [73, 74]. NF-B proteins involve a cascade of events 
which begin outside the cell, converging in the nucleus [75], promoting immunity through 
controlling expression inflammatory genes [73, 76, 77]. Through the action of cytokines and 
PAMPs, receptors such as TLRs are consequently stimulated, resulting in a cascade that 
activates the NF-B [76]. The NF-B pathway is important in activation of naive T-cells 
through TCR signaling, and is necessary for both the generation and maintenance of effector 
and memory T cells [76]. In B-cells, the NF-B pathway mediates survival of naive B cells as 
well as influencing immunoglobulin class switching [74]. In METH, increases in the 
production of pro-inflammatory cytokines and chemokines has been attributed to dependence 
on the NF-B pathway [62]. Upon the expression of pro-inflammatory cytokines and 
chemokines, due to extracellular signals, NF-B is activated in which subsequent processes 
and regulation can include inflammation, apoptosis, cell survival, and inducing gene 
expression pertinent to immune and inflammatory responses [75]. Further data suggests that 
the NF-B signaling pathway induces inflammatory cytokines in METH-treated 
macrophages. The NF-B pathway has also been thoroughly described as influencing, and 
being a mediator of reward following long-term drug abuse [78], having a role in learning and 
memory, and increasing expression of opioid receptors and neuropeptides [78]. In neuronal 
cells, asiatic acid was shown to inhibit METH-induced NF-B translocation, thus exhibiting 
an anti-neurotoxic effect [59]. Further, cytoplasmic and nuclear fractions of METH-exposed 
astrocytes showed an increased protein expression of NF-B [39]. Heightened expression of 
NF-B upregulated caspase-11 subsequently upregulating the NLRP3 inflammasome and 
inducing IL-1 and IL-8 expression [33]. In humans, METH induces the production of TNF-
 which is involved in the BBB dysfunction. Animal and in vitro work using endothelial cells 
showed that METH initiated endothelial dysfunction, through activation of the NF-B 
pathway [18]. This finding revealed the role of the NF-B pathway in decreasing tight 
junction stabilization and increasing the permeability of the BBB. Conversely, blocking of the 
NF-B pathway inhibits BBB dysfunction [18]. 
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6.2. MAPK/ERK and JNK signaling  
 
 Extracellular signaling regulated kinase (ERK) and mitogen-activated proteins kinase 
(MAPKs) pathways have been reported to play a role in METH-mediated signaling [79, 80]. 
MAPK signal cascades are important intracellular signaling pathways which transmit signals 
from cell membrane to nucleus [81], and possess a regulatory role of pro-inflammatory 
cytokines [82]. ERK contained in the nucleus is known as a target of stimulants [83]. 
Confirmatory experiments, determining the involvement of heme-oxygenase-1 (HO-1) – a 
crucial cellular mechanism mitigating oxidative damage - in METH-induced toxicity, showed 
that the p38 MAPK pathway was involved in upregulating METH-induced HO-1 [84]. 
Authors of this study support the role of the p38 MAPK pathway in cellular defense against 
METH toxicity [84]. Single and multiple METH injections in mice revealed complex changes 
in MAPK-related pathways mouse striatum and frontal cortex [81]. More specifically, 
MAPK-related pathways significantly impacted, through repeated METH administration, 
included map kinase I, Erk1, Erk2 and MAP kinase 7; these MAPK-related pathways have 
been implicated in substance abuse [81]. Evidence supports the involvement and role of the  
nuclear and cytoplasmic trafficking of ERK1/2 in learning and memory and cell death [85] 
along with behavioral modifications in brain-specific ERK pathway expression from drug 
abuse [86]. Similarly, assessments and the involvement of the sigma-1 receptor found 
downstream activation of ERK MAPK pathway was necessary for promoting the activation of 
astrocytes upon stimulation via METH [87]. The c-Jun NH2-terminal kinase (JNK) signaling 
pathway is an evolutionary conserved group of mitogen-activated protein kinases (MAPKs) 
[88]. This signaling pathway has been previously implicated in its ability to respond due to 
activation of cytokines and exposure to extracellular signals [88]. METH has been reported to 
activate the Src-JNK-Jun signaling cascade [89]. In line with METH addiction, and possible 
neurodegeneration, the JNK signaling pathway has been suggested to possibly mediate 
neurodegeneration in METH addiction [90]. A further report outlines the activation of the 
JNK signaling pathway via METH-induced oxidative stress’ ultimately, this leads to signal 
transduction into the nucleus through the activation of transcription factors, such as activator 
protein-1 (AP1) – a major target of JNK signaling [88] NF-B and cAMP-responsive element 
binding protein (CREB) [91].  
 
6.3. AKT-PI3K pathway signaling  
 
 The protein kinase B (AKT) and phosphatidylinositol-3-kinase (PI3K) pathway is 
vital for many aspects of cell growth and survival [92], and is triggered through the result of 
growth factors and regulators [92]. This signal transduction cascade also supports a role in 
protein synthesis, metabolism and angiogenesis, with prevention of apoptotic events [93]. 
METH triggers cell survival-signaling events which involve dopamine receptors, PI3K and 
AKT [93]. Activation of the AKT/PI3K cascade was demonstrated through pro-inflammatory 
cytokine and chemokine expression by METH-induced astrocytes, in which METH caused 
alteration of mGluR5 receptor. In turn, this was shown to activate the Akt/PI3K pathway [62]. 
These results were in the context of METH-mediated, NF-B dependent increases of cytokine 
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and chemokine expression [62]. Similarly, the AKT/PI3K signaling pathway was also found 
to mediate METH-induced IL-8 and IL-1 [25]. Using topiramate (TPM) as a potential 
treatment for METH dependence, Niu et al (2017) were able to elucidate enrichment of PI2K-
AKT signaling pathway amongst seven biologically relevant pathways [94]. Moreover, 
TPM’s effects on METH addiction further showed a decrease in oxidative stress and 
increased neuroplasticity, consistent with METH’s ability to increase oxidative stress through 
a perturbance of the PI3K-AKT pathway [94]. 
 
 
 
 
6.4. JAK/STAT signaling 
 
 The JAK/STAT signaling pathway is utilized by several diverse cytokines, 
chemokines, interferons and growth factors. The simplicity of the JAK/STAT pathway allows 
for direct communication from transmembrane receptors to the nucleus, and cytokine receptor 
stimulation leads to phosphorylation events that ultimately recruit STAT, translocating to the 
nucleus and binding specific sequences to initiate gene expression [95]. METH has been 
shown to increase the Bax/Bcl-2 ratio, with the cytokine IL-6 being able to prevent this effect 
in microglial cells [58]. METH-induced microglial cells showed that IL-6 expression served 
to disrupt this pro and anti-apoptotic protein ratio level [58]. The bcl-2 family of apoptotic 
regulators are related to cell death and survival, in which these regulators can either suppress 
or activate apoptosis programming. Expression of Bax proteins is correlated to pro-apoptosis; 
whereas Bcl-2 is related to anti-apoptosis events [96]. In addition, the same study reported 
that low concentration expression of TNF-, which, with IL-6, had a protective effect – 
through activation of JAK/STAT signaling - on microglial cells from the toxic effects elicited 
from METH. 
 
 
7. METH and its relationship to ageing.  
 
 METH use leads to a number of cellular changes, disrupting normal cell function 
which trigger events related to inflammation, oxidative stress and ageing [97]. METH abuse 
is also associated with neurotoxicity of the fronto-striatal region, along with morphometric 
alterations in the hippocampus and cortex [98]. In particular, the hippocampus remains 
sensitive to drug abuse from adolescence years to adulthood, as it ensures structural and 
functional changes crucial for hippocampus maturation and function [99]. Adult METH users 
also experience cognitive impairments which impact on adaptive decision making, which also 
has long-term effects on reversal learning [100]. Long-term METH use on the brain neuro-
biochemistry have been associated to age-related cognitive decline and neurochemical 
alterations [98]. Also, METH causes obvious changes to inflammatory immune responses 
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leading to significant long-term alternations. Chronic inflammatory modifications in immune 
response have been linked to the ‘inflammageing’ phenomena [101]. 
 
7.1 METH contributes to age-related diseases, such as cardiovascular pathology, stroke and 
Alzheimer’s Disease. 
  
Acute and chronic METH use has been attributed to stroke [102]. Binge METH doses have 
been shown to significantly alter cardiovascular function leading to cardiac pathology [103]. 
In addition, heart rate variability (HRV) measured across a cohort of abstinent individuals 
with a known history of METH dependence showed impairments in several parameters of 
HRV in comparison to drug-free individuals [104]. A decreased HRV has been associated 
with cardiovascular pathology, along with psychiatric disorders such schizophrenia and 
bipolar disorder, and an impairment in social functioning and cognition [104]. Importantly, 
HRV is generally thought to decline as an individual ages [105]. Other reports have assessed 
METH-associated cardiomyopathy (MACM) in which METH has been attributed to negative 
effects on the myocardium [106]. Changes to the myocardium at a structural, molecular, 
cellular and functional level are all related to cardiac ageing [107]. In assessing the link 
between METH exposure and the development of Alzheimer’s Disease (AD)-like changes, 
the formation of amyloid- (A) was used as a measurement to evaluate this relationship 
[108]. In an in vitro cell model, results indicated that, in a dose-dependent manner, METH 
increased the levels of the A precursor protein (APP) [108]. A accumulation is a crucial 
indicator of AD pathogenesis [109], in which neuroimmune cells such as astrocytes, neurons 
and microglia respond by upregulating NADH, COX-2 and proinflammatory cytokines [110].  
 
 
7.2. Effect of METH on adolescence and adulthood, our learnings from animal models 
 
 The development of drug seeking and addiction behavior is largely shaped at the 
adolescent stage of life [111], governed by the chronic exposure to the neurotoxic effects of 
several drugs of abuse. METH use in early-life increases risk of developing Parkinson-like 
symptoms [112].  In fact, in adult male rats, chronic binge METH dose revealed similar 
impairments in metabolites within the striatum, prefrontal cortex and hippocampus. In 
addition, METH impacts on neurotransmitters – dopamine and serotonin in adult rats [98]. In 
adolescent rats, METH was modeled to assess reversal learning and the likelihood of 
continued METH use through to adulthood [100]. Results of this study indicated a positive 
correlation between METH taken at adolescent stages – specifically in the late adolescent 
period – to adult METH use [100]. METH was also found to have a discriminatory effect in 
adolescent and adult rat developmental age [99], with METH exhibiting impairments in 
hippocampal cell proliferation and survival in young adult rats [99]. 
  15 
 
 
7.3. Impacts of METH on mental health  
 
 Other than the common withdrawal symptoms associated with METH use, such as 
excessive sleeping and severe cravings, METH also triggers depressive-like symptoms in 
users [113], usually lasting for longer than two weeks of abstinence [114]. This is in stark 
contrast to the euphoric and elevated mood effects which METH brings on when initially 
consumed [115]. In a cross-sectional study using a self-reporting tool and comparing active 
adult METH users with early ex-users and no history of METH users, it was noted that 
METH-dependent users had greater anxiety and depressive symptoms; with 10 plasma 
immune factors being associated with, and contributing to neuropsychiatric function [63]. 
Another cross-sectional study evaluating the pervasiveness of major depression among 400 
people accessing treatment for METH use, reported a higher proportion of individuals with 
depression upon entering treatment faculties [116]. Furthermore, authors noted that the high 
prevalence of substance-induced depression manifested greatly in symptoms associated with 
appetite, sleep perturbations, trouble focusing, fatigue and feelings of sadness and emptiness 
[116]. Comparisons between regional volumes of cortical grey matter in adults with a history 
of METH showed age-related grey matter loss in several regions of the brain [117]. This 
finding is particularly important as it suggests that adult METH-users may be at higher risk of 
developing neurodegenerative disorders and cognitive decline at a younger age when 
compared with healthy non-METH uses.  
 
7.4. METH-induced inflammation and link to ageing. 
 
 METH creates an immune imbalance where changes in immune cell function, inflammatory 
cytokines and chemokines are apparent. METH creates an environment which disturbs the balance 
between oxidative stress and antioxidant defence [118]. IL-6, is over-expressed in METH addicted 
individuals, and has been linked to the ageing process [119]. Moreover, IL-6 has been described as a 
central aspect of ‘inflamm-ageing’ [120], with an increase of this cytokine in serum is characteristic of 
ageing [121]. IL-6 has also been implicated in poor physical performance, with loss of muscle 
strength. Similarly, TNF-, a cytokine impacted upon by METH, has also been associated with the 
ageing process [121]. Post-mortem analysis from human tissues have aligned METH with diseases 
characteristic of old age [122]. It was noted that METH fast-tracked cellular senescence and activated 
genes involved in the cell cycle and inflammation [122]. Moreover, METH caused an increase in 
ceramide biosynthesis, a process known to play a role in cellular replicative senescence, which led to 
the expression of senescent-associated biomarkers, IL-6 and TNF-. Results of this study indicated 
that METH initiated a cascade of genetic changes observed in rapid health decline, character sic of 
chronic inflammation and ageing [122]. Indeed, the immune changes from chronic and acute METH 
(increased inflammation and oxidative stress) have been suggested to lead towards a reduction in 
telomere length [123]. Shortened telomere length is associated to increased cellular ageing as well as a 
range of non-communicable age-related diseases, including hypertension, cardiovascular disease, 
stroke, diabetes and dementia. In fact, drug abusers on METH, heroin or diazepam have shorter 
telomere length and accelerates cellular senescence [122, 124]. 
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8. Conclusion and Future prospects 
 
 METH carries out its immunomodulatory effects via a number of key changes to both pro- 
and anti-inflammatory cytokines, leading to a cascade of signaling responses in both innate and 
adaptive immune cells. Alterations to IL-6, TNF-, IL-10, COX-2 and IL-1 all play a vital role in 
METH-induced neurotoxicity. Although knowledge relevant to the effects of METH on several human 
cell types and in in vivo models has been well-established, there lacks a well-described, accumulated 
understanding of METH’s immune-modulatory and immune-metabolomic effects. In addition, human 
peripheral immune cells have gained attention in recent years for their potential in being a valuable 
source for discovering biomarkers. Data supports the case that METH lowers an effective immune 
response in humans, leading to susceptibility of transmitting sexually transmitted diseases and 
infections. However, data is limited on the immune and oxidative-related pathways activated and 
maintained from changes in immune cell metabolism – glycolytic fluxes, mitochondrial respiration 
and reactive oxygen species generation, which are disturbed through METH use. In particular, the 
Nod-like receptor pyrin containing 3 inflammasome (NLRP3), a multiprotein complex related to 
infection and inflammation, and its activation, could be relevant in METH abuse. The NLRP3 
pathway ties immunity to cell metabolism, which holds significance in assessing the pathogenesis of 
psychiatric disorders and further research in this inflammasome complex might uncover peripheral 
markers associated with METH use for assessing major depressive disorders. Furthermore, a better 
understanding of the link between METH use in the younger years, and its consequence to health 
outcomes in the long term (after METH has been stopped) in regards to increased risk of 
communicable and non-communicable diseases and accelarating the ageing process are required. 
 
Contributors 
 
 MP wrote the article under the guidance of the other four authors. All authors edited and 
reviewed the article. 
 
Conflict of interest 
 
 The authors declare they have no conflicts of interest. 
 
Funding 
 
 No funding was received for this review article. 
 
Ethical approval 
  17 
  
 No ethics was required for this review article. 
 
References  
 
[1] Cruickshank CC, Dyer KR. A review of the clinical pharmacology of methamphetamine. 
Addiction. 2009;104:1085-99. 
[2] McKetin R, Lubman DI, Najman JM, Dawe S, Butterworth P, Baker AL. Does methamphetamine 
use increase violent behaviour? Evidence from a prospective longitudinal study. Addiction. 
2014;109:798-806. 
[3] McKetin R, Dean OM, Baker AL, Carter G, Turner A, Kelly PJ, et al. A potential role for N-
acetylcysteine in the management of methamphetamine dependence. Drug and Alcohol Review. 
2017;36:153-9. 
[4] Degenhardt L, Roxburgh A, Black E, Bruno R, Campbell G, Kinner S, et al. The epidemiology of 
methamphetamine use and harm in Australia. Drug and Alcohol Review. 2008;27:243-52. 
[5] Rebecca McKetin AV, Richard Burns. Research into Methamphetamine Use in the Australian 
Capital Territory. National Drug Research Institute, Curtin University, Perth, Western Australia. 2017. 
[6] Grant KM, LeVan TD, Wells SM, Li M, Stoltenberg SF, Gendelman HE, et al. Methamphetamine-
associated psychosis. J Neuroimmune Pharmacol. 2012;7:113-39. 
[7] Roche A, McEntee A. Ice and the outback: Patterns and prevalence of methamphetamine use in 
rural Australia. Australian Journal of Rural Health. 2017;25:200-9. 
[8] Montoya JL, Cattie J, Morgan E, Woods SP, Cherner M, Moore DJ, et al. The impact of age, HIV 
serostatus and seroconversion on methamphetamine use. The American Journal of Drug and Alcohol 
Abuse. 2016;42:168-77. 
[9] Mukherjee A, Dye BA, Clague J, Belin TR, Shetty V. Methamphetamine use and oral health-
related quality of life. Qual Life Res. 2018. 
[10] Larson SA, Desai R, Kates FR. Concerns about heroin, cocaine and methamphetamine: 
prevalence and correlates of at-risk users from 2015 National Survey on Drug Use and Health. Journal 
of Substance Use. 2018:1-6. 
[11] Alasdair M. Barr PWJP, MD; G. William MacEwan, MD;, Allen E. Thornton PDJL, PhD; 
William G. Honer, MD; Tania Lecomte, PhD. The need for speed: an update on methamphetamine 
addiction. Journal of Psychiatry Neuroscience. 2006;31:301-13. 
[12] Sriram U, Haldar B, Cenna JM, Gofman L, Potula R. Methamphetamine mediates immune 
dysregulation in a murine model of chronic viral infection. Frontiers in Microbiology. 2015;6. 
[13] Cabral GA. Drugs of Abuse, Immune Modulation, and AIDS. Journal of Neuroimmune 
Pharmacology. 2006;1:280-95. 
[14] Loftis JM, Choi D, Hoffman W, Huckans MS. Methamphetamine Causes Persistent Immune 
Dysregulation: A Cross-Species, Translational Report. Neurotoxicity Research. 2010;20:59-68. 
  18 
[15] Peerzada H, Gandhi JA, Guimaraes AJ, Nosanchuk JD, Martinez LR. Methamphetamine 
administration modifies leukocyte proliferation and cytokine production in murine tissues. 
Immunobiology. 2013;218:1063-8. 
[16] Supriya D. Mahajan ZH, Jessica L. Reynolds, Ravikumar Aalinkeel, Stanley A. Schwartz and 
Madhavan P.N. Nair. Methamphetamine Modulates Gene Expression Patterns in Monocyte Derived 
Mature Dendritic Cells. Molecular Diagnostic Therapies. 2006;10:257-69. 
[17] Burns A, Ciborowski P. Acute exposure to methamphetamine alters TLR9-mediated cytokine 
expression in human macrophage. Immunobiology. 2016;221:199-207. 
[18] Coelho-Santos V, Leitão RA, Cardoso FL, Palmela I, Rito M, Barbosa M, et al. The TNF-α/Nf-
κB Signaling Pathway has a Key Role in Methamphetamine–Induced Blood–Brain Barrier 
Dysfunction. Journal of Cerebral Blood Flow & Metabolism. 2015;35:1260-71. 
[19] Gonçalves J, Martins T, Ferreira R, Milhazes N, Borges F, Ribeiro CF, et al. Methamphetamine-
Induced Early Increase of IL-6 and TNF-α mRNA Expression in the Mouse Brain. Annals of the New 
York Academy of Sciences. 2008;1139:103-11. 
[20] Harms R, Morsey B, Boyer CW, Fox HS, Sarvetnick N. Methamphetamine administration targets 
multiple immune subsets and induces phenotypic alterations suggestive of immunosuppression. PloS 
one. 2012;7:e49897. 
[21] Joshua D. Rosenblat DSC, Rodrigo B. Mansur, Roger S. McIntyre. Inflamed moods: A review of 
the interactions between inflammation and mood disorders. Progress in Neuro-Psychopharmacology & 
Biological Psychiatry. 2014;53:23-34. 
[22] Frederic Geissmann MGM, Steffen Jung, Michael H. Sieweke, Miriam Merad, Klaus Ley. 
Development of Monocytes, Macrophages, and Dendritic Cells. SCIENCE. 2010;327:656-61. 
[23] Gaskill PJ, Calderon TM, Coley JS, Berman JW. Drug Induced Increases in CNS Dopamine Alter 
Monocyte, Macrophage and T Cell Functions: Implications for HAND. Journal of Neuroimmune 
Pharmacology. 2013;8:621-42. 
[24] Prakash MD, Tangalakis K, Antonipillai J, Stojanovska L, Nurgali K, Apostolopoulos V. 
Methamphetamine: Effects on the brain, gut and immune system. Pharmacological Research. 
2017;120:60-7. 
[25] Liu X, Silverstein PS, Singh V, Shah A, Qureshi N, Kumar A. Methamphetamine increases LPS-
mediated expression of IL-8, TNF-alpha and IL-1beta in human macrophages through common 
signaling pathways. PloS one. 2012;7:e33822. 
[26] Jessica B Buchanan NLS, Rodney W Johnson. A neurotoxic regimen of methamphetamine 
exacerbates the febrile and neuroinflammatory response to a subsequent peripheral immune stimulus. 
Journal of Neuroinflammation. 2010;7. 
[27] Reynolds JL, Law WC, Mahajan SD, Aalinkeel R, Nair B, Sykes DE, et al. Nanoparticle Based 
Galectin-1 Gene Silencing, Implications in Methamphetamine Regulation of HIV-1 Infection in 
Monocyte Derived Macrophages. Journal of Neuroimmune Pharmacology. 2012;7:673-85. 
[28] Dudek AM, Martin S, Garg AD, Agostinis P. Immature, Semi-Mature, and Fully Mature 
Dendritic Cells: Toward a DC-Cancer Cells Interface That Augments Anticancer Immunity. Frontiers 
in Immunology. 2013;4. 
[29] Nair MPN, Saiyed ZM, Nair N, Gandhi NH, Rodriguez JW, Boukli N, et al. Methamphetamine 
Enhances HIV-1 Infectivity in Monocyte Derived Dendritic Cells. Journal of Neuroimmune 
Pharmacology. 2008;4:129-39. 
  19 
[30] Ankit Shah AK. Methamphetamine-mediated endoplasmic reticulum (ER) stress induces type-1 
programmed cell death in astrocytes via ATF6, IRE1a and PERK pathways. Oncotarget. 2016;7. 
[31] Groom Joanna R, Richmond J, Murooka Thomas T, Sorensen Elizabeth W, Sung Jung H, 
Bankert K, et al. CXCR3 Chemokine Receptor-Ligand Interactions in the Lymph Node Optimize 
CD4+ T Helper 1 Cell Differentiation. Immunity. 2012;37:1091-103. 
[32] Potula R, Haldar B, Cenna JM, Sriram U, Fan S. Methamphetamine alters T cell cycle entry and 
progression: role in immune dysfunction. Cell Death Discovery. 2018;4. 
[33] Du S-H, Qiao D-F, Chen C-X, Chen S, Liu C, Lin Z, et al. Toll-Like Receptor 4 Mediates 
Methamphetamine-Induced Neuroinflammation through Caspase-11 Signaling Pathway in Astrocytes. 
Frontiers in Molecular Neuroscience. 2017;10. 
[34] Potula R, Hawkins BJ, Cenna JM, Fan S, Dykstra H, Ramirez SH, et al. Methamphetamine 
Causes Mitrochondrial Oxidative Damage in Human T Lymphocytes Leading to Functional 
Impairment. The Journal of Immunology. 2010;185:2867-76. 
[35] Tomescu C, Duh F-M, Lanier MA, Kapalko A, Mounzer KC, Martin MP, et al. Increased 
plasmacytoid dendritic cell maturation and natural killer cell activation in HIV-1 exposed, uninfected 
intravenous drug users. Aids. 2010;24:2151-60. 
[36] Marcondes MCG, Flynn C, Watry DD, Zandonatti M, Fox HS. Methamphetamine Increases 
Brain Viral Load and Activates Natural Killer Cells in Simian Immunodeficiency Virus-Infected 
Monkeys. The American Journal of Pathology. 2010;177:355-61. 
[37] Aktas E, Kucuksezer UC, Bilgic S, Erten G, Deniz G. Relationship between CD107a expression 
and cytotoxic activity. Cell Immunol. 2009;254:149-54. 
[38] F.C. YANG K. AGEMATSU TN, T. MORI, S. ITO T. KOBATA, C. MORIMOTOJ & A. 
KOMIYAMA. CD27/CD70 interaction directly induces natural killer cell killing activity. 
Immunology. 1996;88:289-93. 
[39] Bortell N, Basova L, Semenova S, Fox HS, Ravasi T, Marcondes MC. Astrocyte-specific 
overexpressed gene signatures in response to methamphetamine exposure in vitro. J 
Neuroinflammation. 2017;14:49. 
[40] Sanderlin EJ, Leffler NR, Lertpiriyapong K, Cai Q, Hong H, Bakthavatchalu V, et al. GPR4 
deficiency alleviates intestinal inflammation in a mouse model of acute experimental colitis. 
Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease. 2017;1863:569-84. 
[41] Tran T-V, Shin E-J, Nguyen LTT, Lee Y, Kim D-J, Jeong JH, et al. Protein Kinase Cδ Gene 
Depletion Protects Against Methamphetamine-Induced Impairments in Recognition Memory and 
ERK1/2 Signaling via Upregulation of Glutathione Peroxidase-1 Gene. Molecular Neurobiology. 
2017. 
[42] Soontornniyomkij V, Kesby JP, Morgan EE, Bischoff-Grethe A, Minassian A, Brown GG, et al. 
Effects of HIV and Methamphetamine on Brain and Behavior: Evidence from Human Studies and 
Animal Models. J Neuroimmune Pharmacol. 2016;11:495-510. 
[43] Treadway JCFaMT.  
Inflammation Effects on Motivation and Motor Activity: Role of Dopamine. 
Neuropsychopharmacology. 2017;42:216-41. 
[44] Horiuchi T, Mitoma H, Harashima Si, Tsukamoto H, Shimoda T. Transmembrane TNF- : 
structure, function and interaction with anti-TNF agents. Rheumatology. 2010;49:1215-28. 
  20 
[45] Chu WM. Tumor necrosis factor. Cancer Lett. 2013;328:222-5. 
[46] Dinarello CA. Overview of the IL-1 family in innate inflammation and acquired immunity. 
Immunol Rev. 2018;281:8-27. 
[47] Kawai T, Akira S. Signaling to NF-κB by Toll-like receptors. Trends in Molecular Medicine. 
2007;13:460-9. 
[48] Roman-Blas JA, Jimenez SA. NF-kappaB as a potential therapeutic target in osteoarthritis and 
rheumatoid arthritis. Osteoarthritis Cartilage. 2006;14:839-48. 
[49] Kenneth B. Marcu MO, Eleonora Olivotto, Rosa Maria Borzi, and Mary B., Goldring. NF-κB 
Signaling: Multiple angles to target OA. Curr Drug Targets. 2010;11:599-613. 
[50] Cheng SSIaG. Role of Interleukin 10 Transcriptional Regulation in Inflammation and 
Autoimmune Disease. Crit Rev Immunol. 2012;32:23-63. 
[51] Glocker EO, Kotlarz D, Boztug K, Gertz EM, Schaffer AA, Noyan F, et al. Inflammatory bowel 
disease and mutations affecting the interleukin-10 receptor. N Engl J Med. 2009;361:2033-45. 
[52] Nicole C. Fernandes US, Larisa Gofman, Jonathan M. Cenna, Servio H. Ramirez and Raghava 
Potula. Methamphetamine alters microglial immune function through P2X7R signaling. Journal of 
Neuroinflammation. 2016;13. 
[53] Yan J, Smyth MJ, Teng MWL. Interleukin (IL)-12 and IL-23 and Their Conflicting Roles in 
Cancer. Cold Spring Harb Perspect Biol. 2018;10. 
[54] Katrina Gee CG, Nor Fazila Che Mat, Wei Ma and Ashok Kumar. The IL-12 Family of 
Cytokines in Infection, Inflammation and Autoimmune 
Disorders. Inflammation & Allergy - Drug Targets. 2009;8:40-52. 
[55] Pop VV, Seicean A, Lupan I, Samasca G, Burz CC. IL-6 roles - Molecular pathway and clinical 
implication in pancreatic cancer - A systemic review. Immunol Lett. 2017;181:45-50. 
[56] Ghasemi H. Roles of IL-6 in Ocular Inflammation: A Review. Ocular Immunology and 
Inflammation. 2017;26:37-50. 
[57] Lai KSP, Liu CS, Rau A, Lanctot KL, Kohler CA, Pakosh M, et al. Peripheral inflammatory 
markers in Alzheimer's disease: a systematic review and meta-analysis of 175 studies. J Neurol 
Neurosurg Psychiatry. 2017;88:876-82. 
[58] Vanessa Coelho-Santos JGa, Carlos Fontes-Ribeiro and Ana Paula Silva. Prevention of 
methamphetamine-induced microglial cell death by TNF-α and IL-6 through 
activation of the JAK-STAT pathway. Journal of Neuroinflammation. 2012;9. 
[59] Jin WJ, Kim B, Kim D, Park Choo HY, Kim HH, Ha H, et al. NF-kappaB signaling regulates 
cell-autonomous regulation of CXCL10 in breast cancer 4T1 cells. Exp Mol Med. 2017;49:e295. 
[60] Wang Q, Wei LW, Xiao HQ, Xue Y, Du SH, Liu YG, et al. Methamphetamine induces 
hepatotoxicity via inhibiting cell division, arresting cell cycle and activating apoptosis: In vivo and in 
vitro studies. Food Chem Toxicol. 2017;105:61-72. 
[61] Bortell N, Morsey B, Basova L, Fox HS, Marcondes MC. Phenotypic changes in the brain of 
SIV-infected macaques exposed to methamphetamine parallel macrophage activation patterns induced 
by the common gamma-chain cytokine system. Front Microbiol. 2015;6:900. 
  21 
[62] Ankit Shah PSS, Dhirendra P Singh and Anil Kumar. Involvement of metabotropic glutamate 
receptor 5, AKT/PI3K Signaling and NF- B pathway in methamphetamine-mediated increase in IL-6 
and IL-8 expression in astrocytes. Journal of Neuroinflammation. 2012;9. 
[63] Huckans M, Fuller BE, Chalker AL, Adams M, Loftis JM. Plasma Inflammatory Factors Are 
Associated with Anxiety, Depression, and Cognitive Problems in Adults with and without 
Methamphetamine Dependence: An Exploratory Protein Array Study. Front Psychiatry. 2015;6:178. 
[64] Northrop NA, Yamamoto BK. Cyclooxygenase activity contributes to the monoaminergic 
damage caused by serial exposure to stress and methamphetamine. Neuropharmacology. 2013;72:96-
105. 
[65] Thomas DM, Kuhn DM. MK-801 and dextromethorphan block microglial activation and protect 
against methamphetamine-induced neurotoxicity. Brain Res. 2005;1050:190-8. 
[66] Permpoonputtana K, Govitrapong P. The anti-inflammatory effect of melatonin on 
methamphetamine-induced proinflammatory mediators in human neuroblastoma dopamine SH-SY5Y 
cell lines. Neurotox Res. 2013;23:189-99. 
[67] Asanuma M. Methamphetamine-induced neurotoxicity in mouse brain is attenuated by 
ketoprofen, a non-steroidal anti-inflammatory drug. Neuroscience Letters. 2003. 
[68] Silverstein PS, Shah A, Gupte R, Liu X, Piepho RW, Kumar S, et al. Methamphetamine toxicity 
and its implications during HIV-1 infection. Journal of NeuroVirology. 2011;17:401-15. 
[69] Jackson AR, Shah A, Kumar A. Methamphetamine alters the normal progression by inducing cell 
cycle arrest in astrocytes. PloS one. 2014;9:e109603. 
[70] Pendyala G, Zhu R, Yang T, Kobeissy F, Mouhieddine TH, Raad M, et al. The Effect of Chronic 
Methamphetamine Exposure on the Hippocampal and Olfactory Bulb Neuroproteomes of Rats. PloS 
one. 2016;11. 
[71] Sepuru KM, Poluri KM, Rajarathnam K. Solution structure of CXCL5--a novel chemokine and 
adipokine implicated in inflammation and obesity. PloS one. 2014;9:e93228. 
[72] Reynolds JL, Mahajan SD, Sykes DE, Schwartz SA, Nair MPN. Proteomic analyses of 
methamphetamine (METH)-induced differential protein expression by immature dendritic cells (IDC). 
Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics. 2007;1774:433-42. 
[73] Serasanambati M, Chilakapati SR. Function of Nuclear Factor Kappa B (NF-kB) in Human 
Diseases-A Review. South Indian Journal of Biological Sciences. 2016;2. 
[74] Sun S-C. The non-canonical NF-κB pathway in immunity and inflammation. Nature Reviews 
Immunology. 2017;17:545-58. 
[75] Shabab T, Khanabdali R, Moghadamtousi SZ, Kadir HA, Mohan G. Neuroinflammation 
pathways: a general review. International Journal of Neuroscience. 2016;127:624-33. 
[76] Baker RG, Hayden MS, Ghosh S. NF-κB, Inflammation, and Metabolic Disease. Cell 
Metabolism. 2011;13:11-22. 
[77] Li FC, Yen JC, Chan SH, Chang AY. Bioenergetics failure and oxidative stress in brain stem 
mediates cardiovascular collapse associated with fatal methamphetamine intoxication. PloS one. 
2012;7:e30589. 
[78] Nennig SE, Schank JR. The Role of NFkB in Drug Addiction: Beyond Inflammation. Alcohol 
and Alcoholism. 2017. 
  22 
[79] Yong Woo Lee BH, Jin Yao, and Michal Toborek. Methamphetamine Induces AP-1 and NF- B 
Binding and Transactivation in Human Brain Endothelial Cells. Journal of Neuroscience Research. 
2001;66:583-91. 
[80] Zhang Y, Shu G, Bai Y, Chao J, Chen X, Yao H. Effect of methamphetamine on the fasting blood 
glucose in methamphetamine abusers. Metabolic Brain Disease. 2018. 
[81] Sokolov BP, Cadet JL. Methamphetamine Causes Alterations in the MAP Kinase-Related 
Pathways in the Brains of Mice that Display Increased Aggressiveness. Neuropsychopharmacology. 
2005;31:956-66. 
[82] Park J-H, Seo YH, Jang J-H, Jeong C-H, Lee S, Park B. Asiatic acid attenuates 
methamphetamine-induced neuroinflammation and neurotoxicity through blocking of NF-
kB/STAT3/ERK and mitochondria-mediated apoptosis pathway. Journal of Neuroinflammation. 
2017;14. 
[83] Mao L-M, Reusch JM, Fibuch EE, Liu Z, Wang JQ. Amphetamine increases phosphorylation of 
MAPK/ERK at synaptic sites in the rat striatum and medial prefrontal cortex. Brain Research. 
2013;1494:101-8. 
[84] Huang Y-N, Wu C-H, Lin T-C, Wang J-Y. Methamphetamine induces heme oxygenase-1 
expression in cortical neurons and glia to prevent its toxicity. Toxicology and Applied Pharmacology. 
2009;240:315-26. 
[85] Chu PW, Seferian KS, Birdsall E, Truong JG, Riordan JA, Metcalf CS, et al. Differential regional 
effects of methamphetamine on dopamine transport. Eur J Pharmacol. 2008;590:105-10. 
[86] Valjent E, Corvol JC, Trzaskos JM, Girault JA, Herve D. Role of the ERK pathway in 
psychostimulant-induced locomotor sensitization. BMC Neurosci. 2006;7:20. 
[87] Dan Dunn J, Alvarez LAJ, Zhang X, Soldati T. Reactive oxygen species and mitochondria: A 
nexus of cellular homeostasis. Redox Biology. 2015;6:472-85. 
[88] Weston CR, Davis RJ. The JNK signal transduction pathway. Current Opinion in Cell Biology. 
2007;19:142-9. 
[89] SUBRAMANIAM JAYANTHI MTM, BRUCE LADENHEIM, and JEAN LUD CADET. 
Methamphetamine Causes Coordinate Regulation of Src, Cas, Crk, and the Jun N-Terminal Kinase–
Jun Pathway. MOLECULAR PHARMACOLOGY. 2002;61:1124-31. 
[90] Yan T, Li L, Sun B, Liu F, Yang P, Chen T, et al. Luteolin inhibits behavioral sensitization by 
blocking methamphetamine-induced MAPK pathway activation in the caudate putamen in mice. PloS 
one. 2014;9:e98981. 
[91] Jiraporn Tocharus CK, Sukumal Chongthammakun and Piyarat Govitrapong. Melatonin 
attenuates methamphetamine-induced overexpression of pro-inflammatory cytokines in microglial cell 
lines. Journal of Pineal Research. 2010;48:347-52. 
[92] Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB. Exploiting the PI3K/AKT pathway for 
cancer drug discovery. Nat Rev Drug Discov. 2005;4:988-1004. 
[93] Rau TF, Kothiwal A, Zhang L, Ulatowski S, Jacobson S, Brooks DM, et al. Low dose 
methamphetamine mediates neuroprotection through a PI3K-AKT pathway. Neuropharmacology. 
2011;61:677-86. 
  23 
[94] Niu T, Li J, Wang J, Ma JZ, Li MD. Identification of Novel Signal Transduction, Immune 
Function, and Oxidative Stress Genes and Pathways by Topiramate for Treatment of 
Methamphetamine Dependence Based on Secondary Outcomes. Frontiers in Psychiatry. 2017;8. 
[95] Murray PJ. The JAK-STAT Signaling Pathway: Input and Output Integration. The Journal of 
Immunology. 2007;178:2623-9. 
[96] Vier J, Groth M, Sochalska M, Kirschnek S. The anti-apoptotic Bcl-2 family protein A1/Bfl-1 
regulates neutrophil survival and homeostasis and is controlled via PI3K and JAK/STAT signaling. 
Cell Death & Disease. 2016;7:e2103-e. 
[97] Najafi Khadije SA, Mahdi Rahpeyma, Habibolah Khazaie, Asad Vaisi-Raygani, Ali Moini, and 
Amir Kiani. Study of Serum Malondialdehyde Level in Opioid and Methamphetamine Dependent 
Patients. Acta Medica Iranica. 2017;55. 
[98] Melo P, Magalhaes A, Alves CJ, Tavares MA, de Sousa L, Summavielle T, et al. 
Methamphetamine mimics the neurochemical profile of aging in rats and impairs recognition memory. 
Neurotoxicology. 2012;33:491-9. 
[99] García-Cabrerizo R, García-Fuster MJ. Comparative effects of amphetamine-like 
psychostimulants on rat hippocampal cell genesis at different developmental ages. NeuroToxicology. 
2016;56:29-39. 
[100] Ye T, Pozos H, Phillips TJ, Izquierdo A. Long-term effects of exposure to methamphetamine in 
adolescent rats. Drug and Alcohol Dependence. 2014;138:17-23. 
[101] Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its potential contribution to 
age-associated diseases. J Gerontol A Biol Sci Med Sci. 2014;69 Suppl 1:S4-9. 
[102] Winslow BT, Voorhees KI, Pehl KA. Methamphetamine abuse. American family physician. 
2007;76:1169-74. 
[103] Varner KJ, Ogden BA, Delcarpio J, Meleg-Smith S. Cardiovascular responses elicited by the 
"binge" administration of methamphetamine. The Journal of pharmacology and experimental 
therapeutics. 2002;301:152-9. 
[104] Henry BL, Minassian A, Perry W. Effect of methamphetamine dependence on heart rate 
variability. Addict Biol. 2012;17:648-58. 
[105] Tan JPH, Beilharz JE, Vollmer-Conna U, Cvejic E. Heart rate variability as a marker of healthy 
ageing. International journal of cardiology. 2018. 
[106] Schurer S, Klingel K, Sandri M, Majunke N, Besler C, Kandolf R, et al. Clinical Characteristics, 
Histopathological Features, and Clinical Outcome of Methamphetamine-Associated Cardiomyopathy. 
JACC Heart failure. 2017;5:435-45. 
[107] Nakou ES, Parthenakis FI, Kallergis EM, Marketou ME, Nakos KS, Vardas PE. Healthy aging 
and myocardium: A complicated process with various effects in cardiac structure and physiology. 
International journal of cardiology. 2016;209:167-75. 
[108] Chen L, Yu P, Zhang L, Zou Y, Zhang Y, Jiang L, et al. Methamphetamine exposure induces 
neuropathic protein beta-Amyloid expression. Toxicology in vitro : an international journal published 
in association with BIBRA. 2018;54:304-9. 
[109] Wirth KJ. Role of Noradrenergic Brain Nuclei in the Regulation of Carotid Artery Blood Flow: 
Pharmacological Evidence from Anesthetized Pigs with Alpha-2 Adrenergic Receptor Modulator 
Drugs. Journal of Alzheimer's disease : JAD. 2018;66:407-19. 
  24 
[110] Hardeland R. Recent Findings in Melatonin Research and Their Relevance to the CNS. Central 
nervous system agents in medicinal chemistry. 2018;18:102-14. 
[111] Good RL, Radcliffe RA. Methamphetamine-induced locomotor changes are dependent on age, 
dose and genotype. Pharmacology Biochemistry and Behavior. 2011;98:101-11. 
[112] Butler B JG-G, P. Prins, A. North, J.T Clarke, and H. Khoshbouei. Chronic Methamphetamine 
Increases Alpha-Synuclein Protein Levels in the Striatum and Hippocampus but not in the Cortex of 
Juvenile Mice. J Addict Prev. 2014;2. 
[113] Thrash B, Thiruchelvan K, Ahuja M, Suppiramaniam V, Dhanasekaran M. Methamphetamine-
induced neurotoxicity: the road to Parkinson’s disease. Pharmacological Reports. 2009;61:966-77. 
[114] Evren C, Bozkurt M. Update on methamphetamine: an old problem that we have recently 
encountered. Dusunen Adam: The Journal of Psychiatry and Neurological Sciences. 2018;31:1-10. 
[115] Panenka WJ, Procyshyn RM, Lecomte T, MacEwan GW, Flynn SW, Honer WG, et al. 
Methamphetamine use: A comprehensive review of molecular, preclinical and clinical findings. Drug 
and Alcohol Dependence. 2013;129:167-79. 
[116] Rebecca McKetin DIL, Nicole M Lee, Joanne E Ross and Tim N Slade. Major depression 
among methamphetamine users entering drug treatment programs. MJA. 2011;195. 
[117] Nakama H, Chang L, Fein G, Shimotsu R, Jiang CS, Ernst T. Methamphetamine users show 
greater than normal age-related cortical gray matter loss. Addiction. 2011;106:1474-83. 
[118] McDonnell-Dowling KaJPK. The Role of Oxidative Stress in Methamphetamine-induced 
Toxicity and Sources of Variation in the Design of Animal Studies. Current Neuropharmacology. 
2017;15:300-14. 
[119] Morley JEaRNB. Cytokine-Related Aging Process. Journal of Gerontology. 2004;59A:924-9. 
[120] Gomez CR, Karavitis J, Palmer JL, Faunce DE, Ramirez L, Nomellini V, et al. Interleukin-6 
Contributes to Age-Related Alteration of Cytokine Production by Macrophages. Mediators of 
Inflammation. 2010;2010:1-7. 
[121] Xia S, Zhang X, Zheng S, Khanabdali R, Kalionis B, Wu J, et al. An Update on Inflamm-Aging: 
Mechanisms, Prevention, and Treatment. J Immunol Res. 2016;2016:8426874. 
[122] Astarita G, Avanesian A, Grimaldi B, Realini N, Justinova Z, Panlilio LV, et al. 
Methamphetamine accelerates cellular senescence through stimulation of de novo ceramide 
biosynthesis. PloS one. 2015;10:e0116961. 
[123] Bachi K, Sierra S, Volkow ND, Goldstein RZ, Alia-Klein N. Is biological aging accelerated in 
drug addiction? Current Opinion in Behavioral Sciences. 2017;13:34-9. 
[124] Yang Z, Ye J, Li C, Zhou D, Shen Q, Wu J, et al. Drug addiction is associated with leukocyte 
telomere length. Scientific reports. 2013;3:1542. 
[125] Tipton DA, Legan ZT, Dabbous MK. Methamphetamine cytotoxicity and effect on LPS-
stimulated IL-1β production by human monocytes. Toxicology in Vitro. 2010;24:921-7. 
[126] Mata MM, Napier TC, Graves SM, Mahmood F, Raeisi S, Baum LL. Methamphetamine 
decreases CD4 T cell frequency and alters pro-inflammatory cytokine production in a model of drug 
abuse. European Journal of Pharmacology. 2015;752:26-33. 
  25 
[127] Masayoshi SAITO MT, Tetsuya KAWATA, Hisao, Naoyuki SHIGEMATSU, Pudcharaporn 
KROMKHUN, Makoto YOKOSUKA, and Toru R. SAITO. Effects of Single or Repeated 
Administrations of Methamphetamine on Immune Response in Mice 
. Exp Anim. 2008;57:35-43. 
[128] Hiroyuki Mizoguchi KY, Makoto Mizuno, Tomoko Mizuno, Atsumi Nitta,, Yukihiro Noda 
aTN. Regulations of Methamphetamine Reward by Extracellular Signal-Regulated Kinase 1/2/ets-
Like Gene-1 Signaling Pathway via the Activation of Dopamine Receptors. MOLECULAR 
PHARMACOLOGY. 2004;65:1293-301. 
[129] Cadet JL. Epigenetics of Stress, Addiction, and Resilience: Therapeutic Implications. Molecular 
Neurobiology. 2014;53:545-60. 
 
 
 
 
 
 
 
  
  26 
 
 
Figure Legends 
 
Figure 1. METH elicits changes to the innate and adaptive immune response, causing 
changes to pro-inflammatory cytokines and related oxidative stress molecules. METH also 
impacts frequencies of T cell subsets (CD4+ and CD8+) along with proliferation.   
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Table 1. Effects of METH on immune cells.  
 
Cell type  Impacts by METH Reference 
Monocytes  ↑↑  Dose escalation mouse model assessing 
immune subsets 
[20] 
↓↓  THP-1 cell viability (after 24 hrs) 
Cytotoxicity on LPS-stimulated IL-1 THP-1 
monocytes 
[125] 
Macrophages  ↑↑  IL-8, IL-1 and TNF- in LPS-treated 
macrophages 
[25] 
↑↑  Activated brain macrophages [36] 
T cells ↓  CD4 
↑  CD8 
Effect of METH on systemic immune system 
[126] 
 
↓  CD4 
In vivo lymphocytic choriomeningitis virus  
infection model 
[30]  
 
CD8+ and CD4+ cell cycle progression 
disrupted (in vitro) 
[32] 
 
↓↓  frequency of CD4+  
↓↓  frequency of CD8+ 
[126] 
 
Dysfunction of primary human T cells  
(mitochondrial oxidative damage.) 
[34] 
 
Inhibition of T cell proliferation [15] 
Dendritic 
cells  
Dose escalation mouse model assessing 
immune subsets 
[20] 
 
↑↑  infectivity of human immunodeficiency 
virus-1 in monocyte-derived DC 
[29]  
Modulation of genes  in pathogenesis of human 
immunodeficiency virus-1. 
[16] 
 
Natural killer 
cells  
↑↑  Activation of NK cells [36] 
↓↓  Splenic NK lymphocytes [127]  
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Table 2. METH causes changes in expression to several known pathways.  
 
Pathway METH-induction Reference 
JAK-STAT  TNF- and IL-6 
 Bax/Bcl-2 ratio (microglial cells) 
 
 
[58] 
JNK  Activation of Src-JNK-Jun signaling cascade 
 
Activation via METH-induced oxidative stress 
[89] 
 
[88] 
AKT-PI3K Activation by pro-inflammatory cytokines and 
chemokines 
 
Mediation of IL-8 and IL-1 
[62] 
 
 
[25] 
MAPK/ERK 
 
 
 METH-induced HO-1 
 
Activation of p38 MAPK pathway (METH 
toxicity) 
 
Changes in MAPK pathways in mouse striatum 
and frontal cortex 
 
ERK1/2 activation via D1 and D2 receptors  
 
[84] 
 
[84] 
 
[81] 
 
 
[128] 
NF-B Pro-inflammatory cytokine and chemokine 
activation  
 
Inflammation, apoptosis, cell survival, gene 
expression: immune and inflammatory response 
[62] 
 
 
[129] 
 
 
 
